This paper describes a system for the simultaneous dynamic control and thermal characterization of the heating of an Ultra Low Power (ULP) micromachined sensor. A Pulse Width Modulated (PWM) powering system has been realized using a microcontroller to characterize the thermal behavior of a device. Objectives of the research were to analyze the relation between the time period and duty cycle of the PWM signal and the operating temperature of such ULP micromachined systems, to observe the thermal time constants of the device during the heating phase and to measure the total thermal conductance. Constant target heater resistance experiments highlighted that an approximately constant heater temperature at regime can only be obtained if the time period of the heating signal is smaller than 50 μs. Constant power experiments show quantitatively a thermal time constant τ that decreases during heating in a range from 2.3 ms to 2 ms as a function of an increasing temperature rise ΔT between the ambient and the operating temperature. Moreover, we calculated the total thermal conductance. Finally, repeatability of experimental results was assessed by guaranteeing the standard deviation of the controlled temperature which was within ±5.5
Introduction
Gas sensors made with semiconducting metal oxides (MOX) are devices based on thermally assisted chemical reactions between their sensing surface and the species to be detected [1] [2] [3] . For best sensitivity and selectivity, the devices are kept at a temperature ranging from 200
• C to 450
• C generally through an integrated heating resisto based on Pt or poly-Si.
Usually a silicon micromachined MOX sensor consists of an electrically conductive suspended structure over a thin, solid, and nonconducting membrane. The conductive part can be divided in two elements, one is dedicated to control the operating temperature, the heating part and the other one is a semiconducting metaloxide layer, the sensitive part. The heater can receive a controlling signal to drive the sensitive part of the sensor to the desired operating temperature, while the sensitive part changes its conductive behavior in presence of specific oxidizing or reducing gases. This variation can be measured with other conductive contacts connected to the sensing material.
In order to enhance sensor selectivity and to minimize the overall gas sensor power consumption an ON/OFF heating signal control is recommended (pulsed mode operation) [4] . Thus, for optimal temperature control an important requirement is a good comprehension of the transient temperature behavior of the system, under relatively fast applied voltage pulses, and its time constant. It is essential to know how a pulsed signal changes the temperature of the heater and of the overall microsystem, relatively to its time period and duty cycle. Moreover, when used in this discontinuous temperature mode, a good understanding of the hotplate thermal dynamics is of uppermost importance, in order to efficiently design ultra-low-power driving electronics for low-cost applications, as proposed in [5] .
In the literature we can find different types of MOX gas sensors featuring integrated heating resistors [1] [2] [3] [4] [5] [6] [7] , controlled by a number of interface acquisition systems [8] [9] [10] , (a) (b) (c)
(e) (f) Figure 1 : ULP hotplates with different heaters, contacts, and suspending arms layouts [16, 17] .
whereas there is not much about thermal characterization. In fact they are thermally studied only with single voltage pulses in order to calculate their thermal constant, such as in [11] [12] [13] [14] [15] . Instead, a simple embedded system suitable to thermally characterize a device using PWM signals featuring a microcontrolled tunable pulse width could be very useful in order to gather a better comprehension of MOX sensor thermal transient behavior.
In this paper a thorough dynamic thermal characterization of a micromachined Pt temperature sensor surrounded by a Pt heating resistor and sitting on a silicon-based membrane is presented. The device belongs to a family of innovative gas sensors (Figure 1 ) dubbed Ultra-Low-Power (ULP) gas sensors, where the heating part (microheater) and sensing part (temperature sensor or T-sensor) are extremely miniaturized and interlocked [10, 16, 17] . The thermal characterization is carried out using an embedded system, reusable for the temperature control of other similar ULP MOX gas sensors.
The microheater is used to set the sensor operating temperature (T S ). The thermal transient characterization is performed by applying to the heater a PWM square voltage waveform with variable duty cycle and frequency generated by an ARM7TDMI-S microcontroller (μC), combined with a simple conditioning circuit, suitable for controlling the heating power and measuring the relative heater resistance values. The integrated Pt T-sensor has been used to calibrate the resistance of the heating resistor. The resistance of the Tsensor has been acquired by means of a digital oscilloscope using a constant current supply and an amplification module.
In the remainder of the paper we introduce the device under test (Section 2) and the experimental setup (Section 3). Then we present in Section 4 the thermal characterization of the device and the study to assess the measurement repeatability. The conclusions are given in Section 5.
ULP Device
The ULP MOX sensors were proposed for emerging ultralow-power applications like wireless sensor networks and semipassive RFID tags for food logistics applications [5] . The overall power consumption of the ULP hotplates is reduced by scaling the dimensions of the device features to the limits achievable with low-cost contact lithography and wet silicon bulk micromachining technology. In order to reach a good temperature uniformity on the active area of the sensors, a circular geometry with concentric heaters and electrodes was chosen and thoroughly optimized through FEM simulations [16] .
The ultra-low-power sensor under test is a suspended structure created with silicon bulk micromachining techniques. It consists of a non-conducting membrane, patterned by reactive ion etching, which is a support and thermal insulating bridge for conductive platinum strips, realized by selective etching.
In ULP MOX sensors of the same family, the dielectric membrane provides optimum thermal isolation between the substrate and the gas-sensitive heated area. The latter will also be indicated as "active area". Numerical simulation results, confirmed by thermographic analysis [16] , showed that, when fed with constant power, in this area the temperature is constant within a maximum error of about 10% (due to localized hot and cold spots) when measured in
• C. This particular device is formed by a 2-contact (5 and 6 in Figure 4 ) Pt horseshoe heater with tapered arms and a 4-contact Pt resistor, that is, the T-sensor, patterned with the same platinum layer. FEM simulations showed that the thermal behavior observed in this experiment have generic validity for other similar ULP devices such as those described in [16] .
To be used as hotplates for ULP MOX gas sensors, the 4-contact T-sensor is replaced by 2 contact electrodes as shown in Figures 1(a)-1(e). These electrodes are used to measure the conductance of a metal-oxide-semiconductor thin film sensing layer, typically consisting of 60-80 nm of tin oxide deposited by a modified rhetoaxial growth and thermal oxidation (M-RGTO) technique.
A SEM micrograph of the sensing layer is shown in Figure 2 . Noble metal catalyst nanoclusters are selectively deposited on some sensors of the array to enhance sensitivity and selectivity and are visible as bright white spots on the SEM micrograph. Details on the ULP MOX sensors fabrication process with M-RGTO deposited sensing layers and their performance as acquired with laboratory electronics can be found in [17] .
By using the sputtering techniques with mechanical shadow masks reported in [17] , particular attention was devoted to avoid the use of photoresist or solvents which would result in sensing layer contamination. However, with this masking technique, it is difficult to deposit different materials within the four independent hotplates of the 1.5 mm wide ULP array chip. For this reason, a microdropcoating technique was successfully proposed, as described in [6] . By using the drop-coating technique, different materials can be deposited as single microdrops on the different hotplates within a single array, enabling the production of four heterogeneous and independent ULP MOX sensors within a single 1.5 × 1.0 mm 2 chip, to be used in enose configuration with pattern recognition techniques for qualitative analyses of complex mixtures.
Experimental Setup
For electrical acquisitions we exploited an experimental setup based on the electronic system with the aim of measuring the thermal transient behavior of the whole structure by implementing a PWM powering signal, used to keep as low as possible the power dissipation in the driving circuit. Figure 4 shows the block diagram of the measurement system used to evaluate the transient response of the device under test. The measurement system of Figure 4 is essentially composed of (i) an ARM7TDMI-S based μC, embedded in a development board, used to generate the PWM heating voltage and to measure the heater resistance; (ii) a Keithley 2400 SMU, to give constant current I T-sens = 60 μA to the T-sensor and at the same time to measure its own output voltage (2-wire measurement, useful just to check over sensor integrity); (iii) a BB 128p INA, to amplify the output voltage of the T-sensor that we use to calculate the temperature and analyze the transient; (iv) an Agilent 54621A oscilloscope, used to plot the T-sensor output voltage; (v) a currentvoltage converter, included in the conditioning circuit and based on a low noise, high bandwidth-gain product OPA228P operational amplifier, used to measure the heating current.
The μC has been programmed to generate a customizable PWM (obtained by summing two PWM signals, thanks to an ad hoc conditioning circuit), with selectable period (τ PWM ) and duty cycle: a heating interval (τ hot ) to heat the active area, an acquisition interval (τ acq of 64 internal μC peripheral clock counts, about 4 μs) to make electrical acquisitions on the heater resistor with the ARM, and a cooling interval (τ cool ) in which no power is dissipated. When computing the delivered power, the μC takes into account both τ hot and τ acq time intervals.
Two different control methods were implemented, namely, constant target heater resistance and constant heating power, as described in the remainder of the paper.
Thermal Characterization

Thermal Analysis: Heater and T-Sensor Calibration.
The resistance versus temperature behavior of the T-sensor was first DC-characterized at the wafer level using a temperaturecontrolled thermochuck and standard laboratory instrumentation, and its temperature coefficient of resistance (TCR) was extracted, as described in [16] , exploiting the typical temperature-dependent first-order function for the resistance of metals, that is,
where R S and R S0 are the T-sensor resistances at temperatures T S and T 0 = 0 • C, respectively, and TCR 0 is its temperature coefficient of resistance at 0
• C: TCR 0 = 0.00305 K −1 . The sensor temperature can be extracted from (1), by means of a 4-wire measurement of R S (T S ). In fact, applying a small current (I T-sens = 60 μA) to the contacts #2 and #3 and acquiring the voltage at the contacts #1 and #4 (Figure 4) , after the amplification module, we measure V T-sens , from which we obtain R S (T S ):
where G INA is the INA amplifying gain. From (1) we calculate the T-sensor temperature as.
About the calibration of the heater resistance R H , a dynamic thermal characterization was accomplished applying a 20 kHz PWM signal to reach the operating resistance. This is the maximum frequency that allowed us to keep pace with different functions of the μC algorithm: power management, data acquisition, dynamic duty cycle calculation, and so forth While keeping the substrate at ambient temperature T a , the μC measured the heater resistance R H and the regime active area temperature was measured through the T-sensor. Supposing that the regime temperature of the heater T H is exactly identical to the regime T S measured on the T-sensor, we obtained a R H = R H (T H ) calibration curve. At the same time a simple, physically based, linear analytical model of the resistance of the heater as a function of the temperature was developed as follows:
where R H0 is the heater resistance at 0 • C and TCR eff is an effective TCR which in general is different from the T-sensor value TCR 0 and takes into account the geometrical features of the heater [18] . It was experimentally verified that (3) fits 
Thermal Transients during Heating: Constant Target
Heater Resistance. By exploiting the inverse relationship of (3), that is, T H = T H (R H ), a routine was implemented in the μC firmware, able to dynamically calculate the duty cycle (DC) = τ hot /τ PWM , at constant PWM period τ PWM in order to reach a given heater resistance or, identically, heater temperature. The algorithm, based on fuzzy logic, tries to minimize the time needed to reach the target resistance value. Using PWMs of different periods (50, 200, 1000, 5000 μs) and choosing several target heater resistances R H (or T H values), we observed the heating transients of the heater, measured in the time domain when the substrate was at ambient temperature T a = 27
• C. This was accomplished using the current-voltage converter concisely described in Section 3. heating is accomplished at constant voltage; Therefore, the heater resistance is simply calculated by dividing this constant voltage by the measured current.
Referring to Figures 5(a) to 5(d), when applying PWM signals to reach a target R H of 200 Ω (corresponding to T H of about 300
• C), the stationary waveform of R H depends on DC and the signal period τ PWM . This stationary behavior can be an approximately constant value at regime only if the heating signal is much faster than the time constant of the device (Section 4.3). In particular we observed that with a heating period of 50 μs, after a transient time which is not displayed in the figure, a stable heating resistance R H is not reached (Figure 5(a) ). In fact we highlighted a ripple of resistance of about 5 Ω, that corresponds to a temperature ripple of about 15
• C. Please note that in all the thermal characterizations described in Sections 4.3 and 4.4 this ripple is not shown because the measurements are taken with the microcontroller instead of the current-voltage converter: the microcontroller samples the heater resistance only at the end of the τ hot time interval, that is, once every 50 μs, which is the present resolution limit of our measurement setup. Moreover, in Figure 5 (a) we can note a ringing in the first part of the heating period due to the influence of parasitic capacitances on the current-voltage converter. A simple SPICE simulation confirmed these experimental results. The temperature ripple of Figure 3(a) is not detectable on the T-sensor due to its relatively high noise, as described in Section 4.4.
When increasing τ PWM at 200 μs while keeping the same peak level for R H , a bigger ripple appears at regime for R H , as highlighted in Figure 5(b) . In this case we also observe a significant temperature ripple on the T-sensor. This ripple, both on R H and T S , worsens with increasing target operating resistance. Finally, with longer PWM periods of 1 ms (Figure 5(c) ) and 5 ms ( Figure 5(d) ) we observe everincreasing resistance and temperature ripples.
Thermal Transients: Constant Heating
Power. This part of the thermal characterization was focused on constant heating power to extract the total thermal conductance G th of the device. A second objective of this characterization was to compare the transient behavior and time constants of the heater and the T-sensor in the heating phase.
A specific purpose code was implemented on the ARM7 μC to feed the heater with a constant electric power with the PWM signal. The heater resistance was measured during τ acq (see Section 3) by exploiting the voltage divider made of R meas and the heater resistance, as shown in Figure 4 . The power delivered to the heater during measurement (about 0.45 mW in the worst case of maximum operative resistance, i.e., R H = 230 Ω) was included in the overall calculated power.
Previous studies [12] referred to a not-ULP device without passivation layer have shown that the dependence of the T-sensor temperature T S on the dissipated power of the active area (P aa ), is a non linear relationship and can be expressed as follows:
where G th,eff (T S ) (W/K) is an effective thermal conductance, function of the temperature, which accounts for the conduction, convection, and radiation heat transfer mechanisms. However, in our test structure it is not possible to measure the power dissipated in the active area only, instead we are able to measure the total power P tot dissipated on the heater, including the power in the current carrying taps. Therefore, we supposed to deal with a new effective thermal conductance:
and the expression for G th,eff has been proposed in [12] :
where G th,a (W/K), accounts for the thermal conductance at ambient temperature, A (W/K 2 ), B (W/K), and ΔT t (K) are suitable constants [12] . Figure 6 (a) shows the total power P tot as a function of T S . The nonlinear behavior of this graph clearly indicates that the effective thermal conductance of (6) is not constant as a function of the active area temperature T S . Figure 6 (b) shows this effective thermal conductance G th,eff as a function of the heating power (P tot ), together with a best-fit line based on (5). It must be underlined that the experimental points at low temperature are not enough for reliably extracting the value of the parameter G th,a . Therefore, G th,a was supposed as a known parameter during the fitting procedure (G th,a = 1.0 × 10 −5 W/K), while more reliable values for (G th,a + B) and A were calculated, obtaining that (G th,a + B) = (3 ± 0.02) × 10 −5 W/K and A = (2.51 ± 0.08) × 10 −8 W/K 2 , respectively. In the operating temperatures T S − T a from 100 to 400
• C (i.e., (2-15) mW), the thermal conductance can also be approximated by a linear function, shown as a black line in Figure 6(b) , with About the thermal transients, we carried out constant power measurements of the temperature transients at constant ambient temperature (T a = 27
• C) during heating, both on the heater (task accomplished by the μC) and the Tsensor (through the INA and the oscilloscope as described in Section 3). A PWM period of 50 μs was used in order to minimize unwanted temperature ripples with the present version of the μC firmware. The experimental results of the transient behavior are shown in Figure 7 .
By fitting experimental data with a single exponential we observed a time constant τ identical for both the heater and T-sensor, which decreases with increasing applied power, that is, with increasing the temperature gap ΔT between the regime temperature and the ambient temperature T a , in a range that starts from about 2.3 ms at constant heating power of 1 mW (i.e., ΔT ≈ 60
• C −T a ) to about 2 ms at constant heating power of 14 mW (i.e., ΔT ≈ 390
• C −T a ). This result is explained by an increasing thermal conductance as a function of the increasing temperature (see again Figure 6 ): should the overall thermal capacitance C th be approximately constant, then the thermal time constant C th /G th,eff will decrease for increasing temperature.
Measurement Repeatability.
To qualify and quantify the repeatability of the measurement system we made a study on the standard deviation (σ) of the acquired temperature values for 5 different thermal transients (Table 1) . For temperature measurements performed during the heating phase on the T-sensor the σ T-sens grows with the power applied (i.e., ΔT): σ T-sens starts from 3.5
• C when the regime temperature is 60
• C and grows up to 5.5
• C when the regime temperature is about 450
• C (i.e., max P tot ≈ 15 mW). An increasing behavior can be found for the standard deviation σ H of the temperature measurements performed on the heater: σ H starts from 1
• C and grows up to 1.5
• C. The higher current used when measuring the heater temperature with respect to the low measuring current of the T-sensor can explain this lower standard deviation. In fact the electrical noise due to the PWM control is equally present on the heater and the T-sensor; however, its effective value must be compared with the measured voltage drop, which is much higher in the case of the heater.
Conclusion
The sensitivity, selectivity, and response time of semiconducting metal oxide gas sensors strongly depend on the sensing layer temperature, which is usually determined by a heating resistor integrated in the sensor structure. In this context a thermal characterization of a micromachined ULP device has been done using an embedded system with PWM control-a μC unit with an ARM7 core-by exploiting a temperature sensor integrated in the manufactured structure. Two different control methods, namely, constant target resistance and constant heating power, were implemented. From constant target resistance measurements we observed the dependence of the thermal transients and regime on the period and duty cycle of the heating PWM signal. We demonstrated that the μC software allows us to optimize the PWM period in order to minimize unwanted temperature ripples in the normal operation of the device, which are still present if we do not choose a fast enough PWM signal heating period. By exploiting a constant power control of the heater, we were able to measure an increasing thermal conductance as a function of an increasing heating power. Moreover, the thermal time constants of both the heater and the T-sensor were measured and compared in the heating phase highlighting a decreasing time constant for increasing regime temperature, as we expected from an increasing thermal conductance. Finally, we made a study over the standard deviation of the system that showed the repeatability of our measurements, highlighting a smaller standard deviation for the measurements taken on the heating resistor, compared to the T-sensor.
In the future, these results will be useful to create a lumped-element circuit model for SPICE simulation of ULP structures. Moreover, for future work we intend to use τ PWM = 20 μs to reduce the temperature ripple whatever the target heater resistance (i.e., operating temperature) could be (R H between 120 and 230 Ω).
